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HORMA domain proteins are required for the careful orchestration of chromosomal organization during
meiosis. Kim et al. (2014) and Silva et al. (2014) now provide structural and functional insights into the roles
of C. elegans HORMA proteins, revealing parallels to the function of the HORMA protein MAD2 in mitotic
checkpoint signaling.Fidelity of chromosome segregation is
crucial to the homeostasis of eukaryotic
organisms. During meiosis, this process
is characterized by extensive reorga-
nization of chromosome structure and
behavior, allowing pairing and synapsis
of homologous chromosomes. Although
these are essential preconditions for
faithful chromosome segregation during
meiosis, how these events are achieved
and coordinated with cell-cycle progres-
sion is poorly understood. The evolution-
arily conserved HORMA domain-contain-
ing proteins (named after the Hop/Rev7/
Mad2 proteins; Aravind and Koonin,
1998) play conserved roles in chromo-
some segregation. Two new studies in
this issue of Developmental Cell provide
insights into the events and mechanisms
by which HORMA proteins regulate
chromatin dynamics during meiosis in
C. elegans (Kim et al., 2014; Silva et al.,
2014), highlighting similarities with the
functions of the mammalian HORMA
domain-containing protein Mad2 in
mitosis.
Mad2 is a crucial effector of mitotic
checkpoint signaling, and studies of this
protein have established a paradigm for
how HORMA domain proteins function.
Mad2 establishes an inhibitory mitoticcheckpoint complex (MCC), which binds
and inhibits the APC/C activator Cdc20
to halt cell-cycle progression in the
presence of unattached kinetochores
(Mapelli and Musacchio, 2007). Unat-
tached kinetochores catalyze the forma-
tion of a ‘‘closed’’ active state of the
Mad2 HORMA domain (C-Mad2), which
binds and locks a motif of Cdc20 using a
‘‘safety belt’’ topological domain. Reposi-
tioning of this safety belt converts Mad2
to an ‘‘open,’’ inactive (O-Mad2) state,
releasing Cdc20. The switching between
the two states is essential for proper
mitotic checkpoint signaling.
The meiosis-specific C. elegans
HORMA domain proteins, HIM-3, HTP-1,
HTP-2, andHTP-3, have both overlapping
and divergent roles regulating chromo-
some cohesion, DNA break formation
and recombination, checkpoint control,
and chromosome pairing and synapsis
(Muniyappa et al., 2014; Subramanian
and Hochwagen, 2014), which is poten-
tially due to their divergent C-terminal
regions. How these proteins organize
themselves to accomplish these roles is
unknown, and Kim et al. (2014) deter-
mined the crystal structure of HIM-3
to provide molecular insights into this
question.This crystal structure revealed that the
C-terminal region of HIM-3 has a topol-
ogy similar to C-Mad2. However, the
safety belt of HIM-3 binds a motif from
its own extended C terminus, leading
the authors to dub this motif a ‘‘closure
motif.’’ Similar closure motifs are also
present in the C termini of HTP-1,
HTP-2, and HTP-3, with HTP-3 harboring
six motifs. By combining biochemical and
structural analyses, the authors revealed
a molecular network of HORMA-closure
motif interactions and showed that
HTP-3 recruits HIM-3 and HTP-1/HTP-2,
whereas the closure motifs in HIM-3
interact with the HORMA domains of
HTP-1 and HTP-2. Collectively, these in-
teractions define a hierarchical assembly
model in which HTP-3 is the most chro-
mosome-proximal component, HIM-3 is
the intermediate component, and HTP-1
and HTP-2 are the most peripheral com-
ponents. Elegant in vivo dissection of
this HORMA domain assembly network
(using several closure motif mutants)
demonstrated differential effects of the
HORMA proteins on chromosomal func-
tions, with HTP-3 showing the most
pleiotropic effects, as expected from its
inferred biochemical role at the basis of
this assembly (Figure 1).ovember 24, 2014 ª2014 Elsevier Inc. 389
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Figure 1. A Hierarchical Network of HORMA Domain-Closure Motif Interactions
During meiosis, the HORMA domain protein HTP-3 is recruited to the chromosome axis, where it contrib-
utes to recruiting additional HORMA domain proteins. These include HIM-3, which binds to closure motifs
2–5 (orange) of HTP-3, and HTP-1/HTP-2, which binds to closure motifs 1 and 6 (yellow and dark orange,
respectively). In addition, HTP-1/HTP-2 can also bind to the closure motif of HIM-3 (dark red). Following
initial binding on the chromosome axis, HTP-3 might extrude its closure motifs to initiate the network of
interaction shown in the figure, with terminal elements of the network possibly using their ‘‘free’’ closure
motifs to recruit effector proteins or using them for cytosolic signal amplification. The inset shows a
HORMA domain in the ‘‘closed’’ conformation. The closure motif may belong to the same HORMA domain
and bind via an intramolecular interaction, or it may belong to a different protein (e.g., Cdc20 bound to
Mad2 or another HORMA domain-containing protein, as shown in the figure). The safety belt is a mobile
‘‘loop-like’’ element of the HORMAdomain that ‘‘traps’’ the closuremotif by ‘‘buckling’’ against the body of
the HORMA domain.
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PreviewsWhat signals trigger the recruitment
of HORMA domain proteins to chro-
mosomes remains unclear, but the
studies of Kim et al. (2014) now provide
the framework for investigating this
important question directly. The closure
motifs of meiotic HORMA proteins may
act predominantly in cis to stabilize the
complex oligomerized network of pro-
teins in an inactive conformation, until a
yet-unknown signal promotes opening
of the closure motifs. The study from
Silva et al. (2014) hypothesized that a
meiotic checkpoint pathway may regu-
late HTP-1 to control this opening, simi-
larly to Mad2 in mitotic checkpoint
regulation.
Silva et al. (2014) began by studying a
mutant of HTP-1 harboring a single amino
acid replacement in the HORMA domain
(HTP-1M127K). The hydrophobic side chain
of M127 is normally buried within the390 Developmental Cell 31, November 24, 20hydrophobic core of the HORMA domain,
and its replacement with a positively
charged side chain likely destabilizes the
HORMA domain. In contrast to the severe
defects in chromosome synapsis and
cell-cycle progression observed in worms
carrying an htp-1 null allele, worms ex-
pressing HTP-1M127K have only partial
defects, suggesting that HTP-1M127K re-
tains part of the functionality of the wild-
type protein. However, HTP-1M127K failed
to bind HTP-3 and was not detected
on meiotic chromosomes, suggesting
it cannot be efficiently recruited into
HORMA domain assemblies. Previous
work showed that both chromosome-
bound and cytoplasmic pools of Mad2
are required for mitotic checkpoint activ-
ity (Mapelli and Musacchio, 2007), and
the authors hypothesize free HTP-1 may
have a similar function in meiosis, propos-
ing that a soluble, nucleoplasmic pool of14 ª2014 Elsevier Inc.HTP-1M127K may, as a response to de-
fects in homolog pairing and synapsis
observed with this mutant, transduce a
checkpoint signal that delays meiotic pro-
gression. It is unclear, however, howHTP-
1 may be activated in this hypothetical
meiotic checkpoint, as the HTP-1M127K
mutant is not recruited to chromosomes.
If HTP-1 is part of a meiotic checkpoint
as proposed (Silva et al., 2014), it might
be expected to interact with partners
involved in cell-cycle progression, a pos-
sibility that the authors’ future studies
should aim to ascertain.
The work by Kim et al. (2014) and Silva
et al. (2014) raises several interesting
questions. For example, are the meiotic
HORMA proteins predominantly con-
strained in a single topology, or do they
exist in two topological states like
Mad2? If so, how is the transition regu-
lated, and is it catalyzed by specific
enzymes? A conserved AAA+ ATPase,
called Pch2/TRIP13, has been shown
to affect the chromosomal localization of
meiotic HORMA domains (Joshi et al.,
2009; Wojtasz et al., 2009). Pch2/TRIP13
has recently been implicated in the disas-
sembly of the MCC (Eytan et al., 2014;
Wang et al., 2014), suggesting that this
AAA+ ATPase might be a general regu-
lator of HORMA domains.
Finally, how conserved are HORMA
domain assemblies within other species?
Homologs of HIM-3/HTP1-3 are present
in other species, with budding yeast hav-
ing a single protein (Hop1) and mouse
containing two homologs (HORMAD1
and HORMAD2). Excitingly, Kim et al.
(2014) show that mouse HORMAD1 and
HORMAD2 also use a similar HORMA
domain-closure motif interaction mode.
Although these putative closure motifs
are divergent from those present in
the C. elegans proteins, they nonethe-
less suggest that modular HORMA
domain assemblies are conserved in
evolution. Clearly, more remains to be
discovered to fully appreciate the
complexity of HORMA domain signaling
during meiotic progression and sexual
reproduction.REFERENCES
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Cell polarity establishment has been studied in great detail, but much less is known about mechanisms that
prevent polarization. Reporting recently in Cell, Meitinger et al. (2014) identify an elaborate mechanism in
yeast cells that efficiently inhibits Cdc42 activation in cytokinesis remnants. Failure of this ‘‘anti-polarization’’
memory increases replicative aging.Polarization is a fundamental cellular pro-
cess that defines a single orientation
within a prokaryotic or eukaryotic cell. It
is a prerequisite for many developmental
and pathogenic processes that include
cell migration, epithelial tissue integrity,
asymmetric cell division, and tumor devel-
opment. In the past decade, the budding
yeast Saccharomyces cerevisiae has
been used as a powerful model system
to unravel the fundamental mechanisms
for the establishment of cell polarity (Frei-
singer et al., 2013). These studies have
identified a complex network of feedback
loops that underlie the highly dynamic
localization and activation of the
conserved polarity regulator Cdc42.While
coupled feedback loops are clearly
capable of spontaneously breaking sym-
metry in an idealized cell, it has long
been established that yeast cells actually
exhibit highly regular patterns of cell divi-
sion (Casamayor and Snyder, 2002).
New bud sites are always chosen adja-
cent to the previous site of division in
haploid cells or in a bipolar fashion in
diploid cells. Importantly, division sites
become permanently marked upon
mother-bud separation and can be identi-
fied as birth scars in fresh daughter cellsor bud scars in mother cells. The latter
are characterized by a chitin-rich rigid
cell wall (CW) (Francois et al., 2013) and
a set of immobilized integral plasmamem-
brane (PM) proteins, Rax1 and Rax2
(Kang et al., 2004). Importantly, despite
bud scars being propagated for many
generations (Chen et al., 2000), they are
never used as sites of new polarization.
In a recent study, it was shown that the
Cdc42 GAP Rga1 and the scaffold protein
Gps1 act in parallel to inactivate Cdc42 at
sites of cell division site after completion
of cytokinesis (Meitinger et al., 2013).
However, it remained unclear how Gps1
actually influences Cdc42 activity and
how Cdc42 is kept inactive on older bud
scars (cytokinesis remnants, or CRMs),
where neither Rga1 nor Gps1 is present.
In a recent issue of Cell, Meitinger et al.
(2014) unravel the molecular mechanisms
responsible for the establishment of
Cdc42 inhibitory zones in CRMs. They
show that Gps1 interacts with three addi-
tional factors, Nba1, Nis1, and Nap1, and
that all four proteins together prevent
repolarization of cells at sites of previous
cell division. Whereas Gps1 and Nap1
seem to play facilitating roles in cortical
recruitment of Nba1 and Nis1, the lattertwo proteins constitute codependent
landmarks that localize to CRMs and
directly interfere with Cdc42 activation.
Specifically, the inhibitory function of the
landmark occurred through interference
of Nba1 with activation of the Cdc42 GEF
Cdc24 (Figure 1A). Consequently, artificial
tethering of Nba1 to septins was sufficient
to inhibit repolarization of cells at sites of
cytokinesis andatCRMs.Theauthorspro-
pose a model in which Nba1 and Nis1 are
recruited to the new cell division site by
Gps1 and Nap1 (Figure 1B) and are then
transferred to CRMs, where they become
permanently anchored to the bud scar
landmarks Rax1 and Rax2 (Figure 1C).
This study provides the molecular and
structural backbone for the establishment
of long-term memory in yeast cells. The
identified cortical memory around Nba1
prevents Cdc42 repolarization at sites of
previous cell divisions across many gen-
erations. At the most recent division site
this mechanism acts in parallel to the pre-
viously identified inactivation of Cdc42 via
its GAP Rga1. In contrast, Nba1 seems to
be the only factor inhibiting Cdc42 activa-
tion at older CRMs. Importantly, Meitinger
et al. (2014) also examined the physio-
logical consequence of disrupting theovember 24, 2014 ª2014 Elsevier Inc. 391
